Identification of the genes that underlie reproductive isolation provides important insights into the process of speciation. According to the Dobzhansky-Muller model, these genes suffer disrupted interactions in hybrids due to independent divergence in separate populations. In hybrid populations, natural selection acts to remove the deleterious heterospecific combinations that cause these functional disruptions. When selection is strong, this process can maintain multilocus associations, primarily between conspecific alleles, providing a signature that can be used to locate incompatibilities. We applied this logic to populations of house mice that were formed by hybridization involving two species that show partial reproductive isolation, Mus domesticus and Mus musculus. Using molecular markers likely to be informative about species ancestry, we scanned the genomes of 1) classical inbred strains and 2) recombinant inbred lines for pairs of loci that showed extreme linkage disequilibria. By using the same set of markers, we identified a list of locus pairs that displayed similar patterns in both scans. These genomic regions may contain genes that contribute to reproductive isolation between M. domesticus and M. musculus. This hypothesis can now be tested using laboratory crosses and surveys of introgression in the wild.
The identification of the genes that underlie reproductive isolation between species is an exciting goal because it provides access to the ultimate genetic mechanisms of speciation. Empirical studies across a broad range of species indicate that intrinsic postzygotic isolation is caused by the independent evolution of interacting genes in separate populations that disrupts functional interactions between these genes in hybrids (Hollingshead 1930; Dobzhansky 1936; Wu and Beckenbach 1983; Christie and Macnair 1984; Orr 1987 Orr , 1997 Pantazidis and Zouros 1988; Coyne and Orr 1989 , 1997 , 2004 Perez and Wu 1995; True et al. 1996; Fishman and Willis 2001; Presgraves 2002 Presgraves , 2003 Price and Bouvier 2002; . In addition to providing predictions about the evolution of reproductive barriers (Orr 1995) , this ''Dobzhansky-Muller model'' (Bateson 1909; Dobzhansky 1936 Dobzhansky , 1937 Muller 1940 Muller , 1942 suggests a useful framework for finding the genes involved. Although the relevant loci are difficult to identify in the allopatric populations in which they evolved, the incompatible changes at these genes become visible in hybrids.
Two general approaches to locating incompatibilities in the genomes of hybrid individuals have been employed. In the first method (Dobzhansky 1936) , species pairs are crossed to produce F 1 's, and a population that includes recombinant genomes is generated by hybridizing these F 1 's to the parental species (backcross) or to each other (intercross) . Associations between molecular markers and sterility or inviability phenotypes in this population reveal the genomic locations of genes whose normal interactions have been compromised and therefore contribute to reproductive isolation. The mapping resolution of this strategy can be substantially increased by subsequent generations of crossing (True et al. 1996; . Results from experimental crosses between species pairs have revolutionized our understanding of speciation genetics (Coyne and Orr 2004) and have revealed the identities of specific genes that cause hybrid sterility (Ting et al. 1998 ) and hybrid inviability (Wittbrodt et al. 1989; Barbash et al. 2003; Presgraves et al. 2003) .
The second approach examines differential introgression of molecular markers through hybrid populations in nature (Hunt and Selander 1973; Barton and Bengtsson 1986; Dowling et al. 1989; Harrison 1990; Rieseberg et al. 1999) . By comparing patterns of variation at many unlinked markers, the effects of genome-wide forces (such as migration) can be measured and regions with reduced introgression can be identified. Locus-specific retardation in gene flow reflects natural selection against particular hybrid genotypes (Barton and Hewitt 1985) , revealing the genomic location of genes that maintain reproductive barriers between nascent species (Rieseberg et al. 1999) . Although restricted to groups that hybridize in nature, this approach has the advantage of focusing on patterns of gene flow in a natural setting. The strategy is most powerful in organisms with well-characterized genomes.
One such organism, the house mouse, holds great promise for identifying the incompatible changes that underlie reproductive isolation. The house mouse group comprises several closely related species whose natural histories have been documented as a result of human commensalism. As the premier model system in mammalian genetics, the house mouse offers several useful resources for speciation genetics, including a large catalog of mutants with relevant phenotypes, a highly developed system for the generation of knockouts, platforms for tissue-specific gene expression surveys, a complete genome sequence, and extensive information on DNA polymorphism between available inbred strains.
The two tactics for finding incompatibilities described above have been applied with some success to house mouse species, particularly Mus domesticus and Mus musculus. These two species diverged between 0.5 and 1 million years ago (Boursot et al. 1993) and display partial reproductive isolation. F 1 hybrid males are often sterile, and females are fertile in crosses between inbred lines derived from M. domesticus and M. musculus (Britton-Davidian et al. 2005) , in accordance with Haldane's (1922) rule. Additionally, naturally occurring hybrids bear higher parasite loads than do pure-species individuals (Sage et al. 1986; Moulia et al. 1993) , suggesting that hybrids may suffer reduced viability in nature.
An extended area of sympatry between M. domesticus and M. musculus that stretches across central Europe is one of the most intensively studied hybrid zones in the world (Payseur and Nachman 2005) . Several decades of research using molecular markers that differentiate the two species have documented two patterns in this hybrid zone that are relevant to reproductive isolation: 1) introgression is fairly limited at most surveyed molecular markers (despite large ancestral species ranges), suggesting that selection acts against hybrids, and 2) there is clear heterogeneity in gene flow among different genomic regions, suggesting that the targets of selection can be located (Tucker et al. 1992; Boursot et al. 1993; Dod et al. 1993; Sage et al. 1993; Munclinger et al. 2002) . Motivated by these observations, Payseur et al. (2004) documented differential patterns of introgression across the X chromosome, including a region with substantially reduced gene flow that likely contains genes that confer reproductive barriers between these species.
Attempts to locate incompatibilities between M. domesticus and M. musculus have also involved controlled crosses in the laboratory. Matings between wild-derived inbred lines of M. musculus and some classical inbred strains (which are primarily descended from M. domesticus) yield sterile hybrid males, whereas crosses between M. musculus and other classical strains produce fertile males (Forejt and Ivanyi 1974; Forejt 1996) . Part of this difference is attributable to a gene on chromosome 17, Hst1, which has recently been localized to a 360-kbp region (Gregorova et al. 1996; Trachtulec et al. 2005) . These findings were enabled by the unusual history of the classical strains, which are ultimately descended from crosses involving wild M. domesticus and M. musculus (Morse 1978; Silver 1995; Beck et al. 2000) . The hybrid nature of classical strain genomes has been confirmed by molecular polymorphism data, including contrasting histories for the Y chromosome (which is primarily of M. musculus origin; Bishop et al. 1985) and the mitochondrial DNA (which is primarily of M. domesticus origin; Yonekawa et al. 1980; Ferris et al. 1982) , and autosomal loci that apparently segregate interspecific variation (Wade et al. 2002; Wade and Daly 2005) . Due to recent descriptions of genome-wide polymorphism (Mural et al. 2002; Wiltshire et al. 2003; Witmer et al. 2003; Frazer et al. 2004; Petkov et al. 2004; Pletcher et al. 2004; Yalcin et al. 2004; Zhang et al. 2005) , the classical strains are now one of the most exhaustively surveyed hybrid populations at the molecular level.
Although hybrid zone surveys and laboratory crosses have yielded candidate regions for incompatibilities in house mice, the identification of the full set of partners whose disrupted interaction leads to reproductive isolation has been more challenging. These approaches are primarily designed to find ''individual'' loci that participate in incompatibilitiesneither strategy explicitly tests for the existence of epistasis. Fortunately, the Dobzhansky-Muller model suggests a diagnostic tool for finding the interacting loci that cause incompatibilities.
In hybrid populations, natural selection acts to remove the deleterious multilocus combinations that cause hybrid sterility or inviability. When selection is strong, this process can maintain statistical associations (''linkage disequilibrium'') among conspecific alleles at the participating loci, even in the face of recombination. Because this pattern will extend to linked loci, incompatibility partners can be located by scanning hybrid genomes for strong associations between conspecific alleles at marker loci. In the first application of this approach, Gardner et al. (2002) showed that genomic regions in linkage disequilibrium were often associated with phenotypes related to reproductive isolation in sunflower hybrids. Using single-nucleotide polymorphism (SNP) data from across the genomes of classical mouse strains, Payseur and Hoekstra (2005) found unlinked loci showing strong linkage disequilibrium and discovered that a disproportionate fraction of these outliers were driven by associations between conspecific alleles, as predicted under the DobzhanskyMuller model.
The recent availability of dense genotypes for recombinant inbred lines (RILs) of mice now allows the application of this approach to additional populations that segregate variation from M. domesticus and M. musculus. RIL panels are generated by a defined crossing scheme and therefore provide a conservative, independent experiment in which to evaluate evidence for epistatic selection (Petkov et al. 2005) .
Here, we report the results of separate genomic scans for incompatibilities between M. domesticus and M. musculus in the classical inbred strains and a panel of RILs. Using a common set of markers allows us to directly compare patterns in these two hybrid populations and to nominate a list of candidate regions that show similar results in both scans.
Materials and Methods
SNP genotypes for all strains were obtained from the Wellcome-CTC Mouse Strain SNP Genotype Set (http:// www.well.ox.ac.uk/mouse/INBREDS/). Strains and SNPs were selected for analyses using several criteria. First, to focus on markers most likely to be informative about species ancestry, SNPs that showed fixed differences between available wild-derived strains of M. domesticus (PERA/EiJ, PERC/EiJ, LEWES/EiJ, TIRANO/EiJ, WMPPasDn/J, WSB/EiJ, and ZALENDE/EiJ) and M. musculus (CZECHI/EiJ, MAI/Pas, MBT/Pas, PWK/Pas, PWKPh/J, PWK/Ros, PWK/Rbrc, and SKIVE/EiJ) and also had genotypes available for 22 of the classical strains (A/J, AKR/J, BTBR Tþtf/J, BUB/BnJ, C3H/HeJ, C57BL/10J, DBA/1J, FVB/NJ, I/ LnJ, KK/HIJ, LG/J, LP/J, MA/MyJ, NOD/LtJ, NON/ LtJ, NZB/BINJ, PL/J, RIIIS/J, SEA/GnJ, SJL/J, ST/bJ, and 129 Â 1/SvJ) were selected (n 5 973). These 22 classical strains, which formed one hybrid population for analyses, were chosen to exclude wild-derived strains and very closely related strains. Next, the subset of these SNPs that also differed between C57BL/6J and DBA/2J, the parents of 89 ''B Â D'' RILs (Taylor et al. 1999; Williams et al. 2001; Peirce et al. 2004 ; http://www.well.ox.ac.uk/mouse/INBREDS/), was chosen (n 5 303) to enable direct comparison between the classical strains and this group of RILs. Finally, the remaining SNPs with M. domesticus allele frequencies of greater than 1/22 or less than 21/22 in the classical strains were retained for linkage disequilibrium analyses. The final group of 256 SNPs with informative genotypes in both the classical strains and the RILs was fairly evenly distributed across the autosomes (no X-linked SNPs were included; see Discussion).
Each inbred line was assumed to be completely homozygous at all markers, allowing direct inference of linkage disequilibrium. Linkage disequilibrium was estimated separately for the classical strain (n 5 22) and the RIL (n 5 89) populations using several standard metrics. Because results using different measures were similar, we focus on the squared correlation coefficient, R 2 (Hill and Robertson 1968) , calculated as
where p d1 and p d2 are the frequencies of the M. domesticus allele at locus 1 and locus 2, and p d1,d2 is the frequency of the gametic type carrying M. domesticus alleles at both loci. To ensure independent assortment between markers in each generation, linkage disequilibrium was calculated for all SNP pairs located on different chromosomes (a total of 29 648 tests in each strain set). For each test, a P value was assigned by randomly permuting SNP genotypes at one locus across strains 1000 times, calculating the resulting distribution of R 2 values, and comparing the original R 2 value to this permuted distribution. Both Bonferroni and falsediscovery rate (Storey and Tibshirani 2003) approaches indicated that only tests in which the observed R 2 was greater than all permuted values were statistically significant after accounting for the performance of multiple tests. In interpreting the results, we identified extreme tests for comparison in the classical strains and the RILs using two significance thresholds. First, we considered those tests for which the observed R 2 was greater than all permuted values (P , 0.001). Second, we considered those tests with P , 0.05. We intentionally applied this more liberal significance criterion, at the cost of including false positives, to search for overlap between the classical strains and the RILs.
Results
The distributions of R 2 across 22 classical strains and 89 RILs for pairs of SNPs located on different chromosomes are shown in Figure 1 . Average R 2 values were different than 0 in both strain sets (classical strains, mean 5 0.06, P , 10 À15 ; RILs, mean 5 0.01, P , 10 À15 ; one-sample t-test), with the classical strains exhibiting higher R 2 than the RILs in the same set of comparisons (mean difference in R 2 5 0.05; P , 10
À15
; paired t-test). This disparity might have been caused by the nonequilibrium demographic history of the classical strains. Despite this evidence for a departure from linkage equilibrium in the two strain sets, the low mean values of R 2 indicate that strong associations were unlikely to arise in the absence of selection.
The overall relationship between R 2 values in the classical strains and in the RILs for the same set of tests is displayed in Figure 2 ; these values were not significantly correlated (Spearman's q 5 0.006; P 5 0.34). Because most locus pairs are unlikely to be affected by epistatic selection, this pattern is 
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expected. However, the prediction that tests showing strong associations should overlap between the two strain sets was supported. Those locus pairs that showed extreme associations in the classical strains had significantly higher R 2 values (P 5 0.03 when using a P , 0.001 significance criterion in classical strains; P , 10 À8 when using a P , 0.05 significance criterion; Wilcoxon signed rank test) and lower P values (P 5 0.03 when using a P , 0.001 significance criterion in classical strains; P , 10 À15 when using a P , 0.05 significance criterion) in the RILs. This pattern suggests that signatures of epistatic selection were replicated across the two strain sets.
We expect selection against incompatibilities that reproductively isolate M. domesticus and M. musculus and are segregating in these strain sets to maintain linkage disequilibrium between conspecific alleles in the face of recombination. If many incompatibilities are present, we might predict that those locus pairs showing extreme disequilibrium will be enriched for conspecific associations. Consistent with previous results (Payseur and Hoekstra 2005) , we observed a bias toward conspecific associations (reductions of heterospecific genotype frequencies) among extreme tests in the classical strains using both P , 0.001 (P 5 0.07; Fisher's exact test) and P , 0.05 (P , 10 À15 ; Fisher's exact test) significance thresholds. In contrast, there was no clear pattern in the direction of association for locus pairs showing extreme disequilibrium in the RILs (P . 0.05 in both tests). Despite the lack of evidence for a genome-wide pattern in the RILs, locus pairs showing extreme associations between conspecific alleles still represent reasonable candidates for incompatibilities. Because the classical strains and the RILs constitute independent evolutionary experiments, those tests that showed strong linkage disequilibrium between conspecific alleles in both strain sets provide our best incompatibility candidates.
Using a significance criterion of P , 0.001, 12 tests showed extreme associations biased toward conspecific combinations in the classical strains and 10 tests showed this pattern in the RILs. Among these tests, there were no cases in which both SNPs were the same across the two strain sets. However, one SNP on chromosome 11 (29.45 Mbp) appeared as an outlier in both scans. This SNP (rs13480935) showed associations with different regions in the classical strains (chromosome 6, 72.17 Mbp) and in the RILs (chromosome 15, 53.83 Mbp) and caused a nonsynonymous substitution (Gln / Arg) in a predicted gene (1700034F02Rik).
Ten tests involving the same SNP pairs were driven by associations between conspecific alleles and achieved significance at the P , 0.05 level in both the classical strains and the RILs (Table 1) . Although these disequilibria were not significant after adjusting for multiple testing, their detection in both strain sets suggests that these locus pairs marked disrupted functional interactions between hybrid genotypes (incompatibilities).
Discussion
Natural selection against incompatibilities can maintain linkage disequilibrium in the face of recombination in hybrid populations (Gardner et al. 2002; Payseur and Hoekstra 2005) . Using this rationale, we conducted genomic scans for incompatibilities in two hybrid populations of house mice: a group of classical strains and a set of RILs. Focusing on the same markers allowed us to compare results from both scans. Multiple factors, including the chance fixation of alleles within and between lines during the process of inbreeding, probably contributed to associations among SNPs on different chromosomes in both the classical strains and the RILs (Williams et al. 2001) . However, these processes were not expected to generate associations at the same loci in both strain sets. Consequently, genomic regions from our list of marker pairs that showed extreme linkage disequilibrium driven by conspecific associations in the classical strains and the RILs might contain targets of epistatic selection against hybrid genotypes.
One SNP, located at 29.45 Mbp on chromosome 11, showed very strong associations among conspecific alleles in both scans. Interestingly, disrupted interactions between this region and a locus on the X chromosome have recently been shown to cause hybrid male sterility in crosses between M. molossinus (a lineage closely related to M. musculus) and C57BL/6J (Oka et al. 2006) . Our analyses did not consider X-linked SNPs (see below). Although the chromosome 11 SNP we identified might have been in linkage disequilibrium with the mutations driving the observed associations, this nonsynonymous change was found in a gene expressed in adult testis, a pattern consistent with its involvement in hybrid male sterility. In contrast to the prediction for a simple 2-locus incompatibility, this SNP was associated with different loci in the classical strains and the RILs. This pattern might indicate that incompatibilities involving this locus are complex, with fitness effects of the 2-locus allelic combinations depending on the genetic background. Such a complex epistasis has been previously observed to contribute to b Named genes within a 2-Mbp window centered on the SNP position.
c Updated position could not be found in The Jackson Laboratory SNP database. Original Wellcome Trust position is provided instead.
reproductive isolation (Wu and Beckenbach 1983; Orr and Irving 2001; Storchova et al. 2004) . Further evidence for the existence of complex interactions was provided by the association of a SNP on chromosome 16 with multiple regions in both the classical strains and the RILs (Table 1) . Additionally, three SNPs across a distance of about 4 Mbp on chromosome 17 showed extreme associations in both strain sets, suggesting that this genomic region might be involved in higher order incompatibilities. Two genomic regions thought to be involved in reproductive isolation between M. domesticus and M. musculus, the central region of the X chromosome and the proximal tip of chromosome 17 (where Hst1 is located), were absent from our list of incompatibility candidates. Available X-linked SNPs that were diagnostic of species were eliminated prior to our genomic scans, primarily because the M. domesticus allele was often fixed or segregating at a very high frequency in the classical strains. This pattern is consistent with a role for the M. musculus X chromosome in reproductive isolation (Gregorova and Forejt 2000; Storchova et al. 2004; Harr 2006) . The SNP closest to Hst1 in our survey was located approximately 3 Mbp away (proximal; Trachtulec et al. 2005 ) and showed conspecific associations in the classical strains and the RILs (data not shown) but not with the same SNPs. This result might indicate that incompatibilities involving Hst1 are complex. Alternatively, marker density might have been too sparse in one or both strain sets for Hst1 and/or its partner loci to be in linkage disequilibrium with the surveyed markers. Furthermore, our focus on one set of RILs restricted the SNPs we used to those that segregated between C57BL/6J and DBA/2J. If Hst1 and/ or its partner loci did not vary among these strains, we would have no power to find these incompatibilities in the RILs, even if there was strong selection against them in the classical strains. In fact, selection against these incompatibilities in the early recombinant generations of the classical strains might have left C57BL/6J and DBA/2J identical at these loci.
Our list of incompatibility candidates (Table 1) does not satisfy requirements for statistical significance in light of the large number of tests performed in both scans. By randomizing the statistical significance (P , 0.05 vs. P .5 0.05) and nature of the associations (conspecific vs. heterospecific) across genomic locations, we estimate that the number of tests expected to show these diagnostic patterns in ''both'' the classical strains and the RILs by chance alone is similar to the number reported in Table 1 (data not shown). As a result, these candidates should be viewed as preliminary until they can be validated using a combination of approaches. First, if these genomic regions contain incompatibilities, we predict that similar patterns should be observed in other admixed populations, including natural hybrid zones. In addition to measuring linkage disequilibrium, geographic clines in multilocus genotypic frequencies could be used to test whether alleles at these loci ''cointrogress.'' Second, recombinant generations of crosses between M. domesticus and M. musculus should show linkage disequilibrium or segregation distortion involving these genomic regions. The association of hybrid sterility or inviability phenotypes with these regions would provide more direct evidence of their importance in reproductive isolation. Finally, if patterns of variation at these locus pairs reflect selection against incompatibilities, we would expect genes in these regions (Table 1) to functionally interact. The house mouse is one of just a few systems for which this multifaceted approach-genomic scans for epistatic selection, surveys of differential introgression in hybrid zones, genetic mapping in crosses between species pairs, and functional tests for epistasis-is currently feasible.
It should also be possible to improve the approach used here by developing better multilocus signatures of selection against incompatibilities. Although measures of linkage disequilibrium are adept at detecting interlocus associations, they are not specifically designed to find a reduction in the frequency of one gametic type, the pattern predicted under the Dobzhansky-Muller model (Muller 1942; Orr 1995; Payseur and Hoekstra 2005) . Moreover, multivariate measures of association (Nyholt 2004 ) may facilitate the detection of more complex incompatibilities by measuring higher order correlations rather than pairwise associations. Finally, alternative analyses of gametic frequencies that are not focused on linkage disequilibrium might prove to be more powerful for unlinked loci because linkage disequilibrium decays quickly with free recombination. Further development and application of these strategies seems warranted by the multilocus nature of the Dobzhansky-Muller model.
